lifetimes and reactivity. We present a new photophysical model based on mixed-spin states, illustrated by relativistic spin-orbit TDDFT and MS-CASPT2 calculations of [Re(imidazole)(CO) 3 (1,10-phenanthroline)]
+ . An excited-state scheme is constructed from spin-orbit (SO) states characterized by their energies, double-group symmetries, parentages in terms of contributing spin-free singlets and triplets, and oscillator strengths of corresponding transitions from the ground state. Some of the predictions of the relativistic SO model on the number and nature of the optically populated and intermediate excited states are qualitatively different from the spin-free model. The relativistic excited-state model accounts well for electronic absorption and emission spectra of Re I carbonyl diimines, as well as their complex photophysical behavior. Then, we discuss the SO aspects of photophysics of heavy metal complexes from a broader perspective. Qualitative SO models as well as previous relativistic excited-state calculations are briefly reviewed together with experimental manifestations of SOC in polypyridine and cyclometallated complexes of second-and third row d 6 metals. It is shown that the relativistic SO model can provide a comprehensive and unifying photophysical picture.
© 2011 Elsevier B.V. All rights reserved.
Introduction
Efficient population of low-lying triplet state(s) and intense phosphorescence are the two phenomena that distinguish photophysics of heavy transition metal complexes from those of organic compounds. They are at heart of important photonic applications of transition metal complexes as luminophores in "organic light-emitting diodes" (OLED), sensors, probes, imaging agents, and photosensitizers of electron or energy transfer. Both these effects are consequences of spin-orbit coupling (SOC) introduced by the metal atom, whose electrons are involved in relevant excitations [1] [2] [3] . SOC accelerates intersystem crossing (ISC) from optically populated "singlet" excited states into "triplet" states, and makes the "triplet" radiative decay allowed and relatively fast. However, the previous statement is somewhat self-contradictory since assigning spin labels to electronic states is not appropriate in the presence of strong SOC that, to a large extent, smears off the distinctions between fluorescence and phosphorescence as well as between intersystem crossing and internal conversion. The "appropriateness of assigning spin labels to excited states of inorganic complexes" was questioned [4] already in 1974, shortly after the discovery of [Ru(bpy) 3 ] 2+ emission and excited-state electron-transfer reactivity. Distinct "triplet-state" photophysics and photochemistry are especially eminent in the case of closed-shell pseudo-octahedral d 6 , square-planar d 8 and flattened-tetrahedral d 10 metal complexes with electron-accepting ␣-diimine (N ∧ N) or cyclometallated (C ∧ N) ligands that introduce low-lying metal to ligand charge transfer (MLCT, d*) and intraligand (IL, *) excited states, while the metal atom (usually Re I , Os II , Ir III , Pt II or Au I ) is responsible for the relativistic SO effects.
Despite the essential role of SOC in spectroscopy and photophysics of heavy metal complexes, experimental observations on excited-state properties and dynamics are usually interpreted at the level of spin-free singlet and triplet states, arguing that the large difference in their lifetimes and small magnitudes of SOCinduced triplet splitting (i.e. zero-field splitting, ZFS) warrant the neglect of SOC effects, at least at ambient temperatures. Quantum chemical calculations of excited states also often neglect SOC. Nevertheless, spin-free CASSCF/CASPT2-type [5] [6] [7] [8] and (TD)DFT [8] [9] [10] techniques are still instrumental in interpreting photophysical behavior and spectra. DFT techniques with hybrid functionals are successfully used to visualize singlet and triplet CT states and reveal their characters by displaying differences of electron density distribution upon excitation and/or excited-state spin-density distributions [9] [10] [11] [12] [13] . In such studies, the UKS technique is employed to optimize the lowest triplet-state structures, which are then used to calculate excited-state IR and UV-vis absorption spectra [9, 11, 14, 15] . Spin-free excited-state structures can also be optimized using TDDFT. Unlike UKS, TDDFT is not limited to the lowest state of particular spin and symmetry [9] . Neglecting SOC is, however, a severe approximation that could miss important effects and lead to incomplete, if not incorrect, interpretations of spectroscopic, photophysical and photochemical observations. SO effects can be introduced at various conceptual and computational levels. To account for the strong phosphorescence, it is sufficient to consider SO as a weak perturbation that splits the lowest triplet state into three spin components and makes some of them emissive by mixing with allowed singlets [1] [2] [3] . This approach aids developing OLED luminophores and has been used to formulate useful design rules [1] [2] [3] 16, 17] . On the other hand, assigning UV-vis absorption spectra and understanding photophysical behavior requires us to go one step further and think in terms of spin-orbit states characterized by their double-group symmetry but no spin labels [18] [19] [20] .
In this paper, we develop and explain an SO excited-state model of [Re(imH)(CO) 3 (phen)] + ( Fig. 1 ) using SO TDDFT and CASSCF/CASPT2-type calculations, and examine how this new approach can interpret available photophysical data. It will be demonstrated that the SO model accounts very well for absorption spectra, emission properties, and excited-state dynamics, some of its conclusions being qualitatively different from the spinfree approach. [Re(imH)(CO) 3 (phen)] + represents a broad class of Re I tricarbonyl-diimine complexes [21] [22] [23] , which show very rich photophysics and photochemistry [10, 14, 15, 24] and engage in a range of photonic applications such as photosensitizers and phototriggers of electron-transfer reactions [11, [25] [26] [27] [28] [29] , photocatalysts of CO 2 reduction [30] [31] [32] , phosphorescent labels and probes of biomolecules [33] [34] [35] [36] , sensors [37, 38] , molecular switches [39] [40] [41] [42] and OLED emitters [43] , or probes of ps-ns dynamics of solvents, proteins or supramolecular hosts [11, 24, 50, 51, [63] [64] [65] . The chosen example [Re(imH)(CO) 3 (phen)] + [44] not only epitomizes the salient features of Re I carbonyl-diimine photophysics but also has a prominent position amongst Re-based photosensitizers because of its ability to trigger photoinduced electron transfer and relaxation dynamics in Re-labeled proteins [11, 25, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . The proposed relativistic SO model accounts well for the excited-state behavior of Re I carbonyl diimines and explains in a unified way various aspects of spectroscopy, photophysics and photochemistry of heavy metal complexes at large.
2. Spin-free excited states of [Re(im)(CO) 3 (phen)] + and other Re I tricarbonyl-diimines
In the spin-free model, electronic states are classified as spin singlets (S = 0, M S = 1) and triplets (S = 1, M S = 3), which are shown in the left and right columns, respectively, of Figs. 2 and 3. Regardless the spin, the spectroscopically and photophysically relevant low-lying excited states of Re I tricarbonyl diimines [Re(L)(CO) 3 (N ∧ N)] n result from mixing of MLCT, LLCT, and IL characters [21, 22] , whose extent determines the excited-state properties. Two types of mixing have to be considered: (i) MLCT-LLCT mixing. The lowest states are predominantly MLCT but contain contributions from ligand-to-ligand charge transfer (LLCT) due to a d-orbital mixing with *(CO) and occupied (L) orbitals. Thus, MLCT states always involve depopulation of carbonyl * orbitals and should be viewed as Re I (CO) 3 → bpy CT. The *(CO) electronic depopulation upon excitation is clearly manifested by shifts of (CO) vibrations to higher energies [9, [12] [13] [14] 22, 24, [55] [56] [57] [58] [59] . Mixing of MLCT and L → N ∧ N LLCT characters is especially strong in complexes containing donating ligand L (halides, NCS − , amides, phosphides, alkoxides, thiolates, imidazole, etc.) [9] [10] [11] [12] [13] 21, 22, 60, 61] . For example, the low-lying excited-states of [Re(I)(CO) 3 (bpy)] contain about 50% of I → bpy LLCT and 50% Re(CO) 3 → bpy MLCT characters [10] and are best viewed as delocalized Re(I)(CO) 3 → bpy CT. Mixing between metal d and ligand (L) p orbitals is well described (sometimes even exaggerated) by DFT with hybrid functionals [8, 9, 13, 62] , which calculates the lowest two MLCT/LLCT transitions as occurring from occupied (d-p) Kohn-Sham molecular orbitals, which are -antibonding with respect to the M-L bond, to a *(N ∧ N) orbital. Corresponding two transitions from the (d + p) -bonding orbitals lie at higher energies depending on L. (Note that d orbitals are, in addition, mixed with *(CO).) The d(Re), *(CO) and (L) contributions are quantified by the respective LCAO coefficients in the KS wavefunction.
(ii) MLCT-IL interconfigurational mixing mostly occurs in triplet states and its extent sensitively depends on the molecular structure and environment [21, 22] . It affects the properties of low-lying excited states by diminishing the amount of charge transferred from the metal upon excitation.
TDDFT describes the MLCT-IL mixing in a natural way [9] as a combination of d → * and → * one-electron excitations. Electronic transition to any given excited state ES m is represented by a linear combination of one-electron excitations between pairs of ground-state KS molecular orbitals p , q :
The square of the expansion coefficient c 2 pq,m specifies the contribution of the one-electron excitation from the orbital p to the virtual orbital q , expressed as a fraction of 1 (or in %), p<q c 2 pq,m = 1 (100). For example, in the particular case of transition to a mixed CT/IL state, we can write:
where and * are N ∧ N-localized orbitals and d consists of d(Re), *(CO) and (L). TDDFT-calculated MLCT-IL mixing in the lowest triplet state of Re I carbonyl-diimines depends on the dielectric model used to describe the solvent. Experimentally, TRIR spectroscopy shows strong effects of the molecular environment on the amount of the MLCT contribution [15, 51, [63] [64] [65] [66] . Spin-free DFT and TDDFT calculations have been performed on [Re(X)(CO) 3 (N ∧ N)] (X = halide) [9, 10, 14, 15, 61] , [Re(Etpy)(CO) 3 (bpy)] + in MeCN [10, 63] , [Re(Et-imH)(CO) 3 (phen)] + in MeCN [51] , Re(histidine)(CO) 3 (phen) + in an azurin fragment in water [11] , and the series [Re(imH)(CO) 3 (N ∧ N)] + (N ∧ N = bpy, phen, dmp) in DMF [14] . The lowest a 1 A → a 1 A MLCT transition due to HOMO → LUMO excitation has a very small oscillator strength because of a poor orbital overlap and is not supposed to contribute significantly to the absorption spectra. The first two allowed transitions a 1 A → b,d 1 A , which give rise to the lowest absorption band around 360 nm, are composed of HOMO-1,HOMO-2 → LUMO excitations in the case of bpy and 80% HOMO-1,HOMO-2 → LUMO plus 20% HOMO → LUMO+1 for phen and dmp. These transitions are predominantly Re(CO) 3 → N ∧ N MLCT in character, with a small imH → N ∧ N LLCT admixture [14] . Intraligand * transitions follow at higher energies producing intense UV bands (∼320 nm (bpy), 270-280 nm (phen, dmp). (The notation used herein assumes the C s symmetry, the letters a, b, . . . denote the order of states of given spin and symmetry.) Four spin-free triplet states were calculated to occur in a narrow range of about 0.7 eV. They are all of a mixed MLCT/IL character. The MLCT component prevails in the lowest triplet state a 3 A , together with a small imH → N ∧ N LLCT contribution [14] . The characters of [Re(imH)(CO) 3 (phen)] + spin-free states are summarized in the legend to Fig. 3 . (Small differences from the results presented in [14] are caused by different basis sets and solvent models used.)
3. Spin-orbit excited-state model of [Re(imH)(CO) 3 (phen)] +
Theory and techniques
Spin-orbit coupling (SOC) originates from the interaction between the magnetic moments generated by spin and orbital electron motions [5, [67] [68] [69] . It couples spatial and spin electron movements, mixes states of different spin multiplicities ( S = 0, ±1) and lifts the spin degeneracy of S multiplets by splitting their M s sublevels. Each triplet state thus gives rise to three SO states. S and M s are no longer "good" quantum numbers. SOC emerges naturally from the Dirac equation, whereas an additional SO Hamiltonian, H SO , has to be added into the Schrödinger equation. For polyatomic molecules,Ĥ SO is, in principle, a multicenter operator containing one-and two-electron terms:
where l A i is the ith electron angular momentum with respect to the atom A and s i is the spin momentum. (r iA ) is a function of the electron distance from the nucleus A that increases with the atomic number:
stands for an effective nuclear charge,˛is the hyperfine splitting constant (∼1/137 a.u.), and r i is the electron distance from the nucleus A at the position R A . (Boldface symbols correspond to 3-dimensional vectors.) The one-electron term describes the interaction between angular and spin magnetic moments of the same electron (i) under the influence of nuclear charges of all atoms A in the molecule. Two-electron terms describe the coupling between the spin momentum of the electron i with the orbital momentum of another electron (j) (and vice versa), and between the electron i and the magnetic moment induced by its movement in the field of the electron j [5] . They provide a partial shielding of the one-electron term that makes a dominant contribution to Eq. (2). Neglecting the 2-electron terms therefore tends to overestimate SOC [5] . SOC rapidly increases with the atomic number because the one-electron term grows with the nuclear charge much faster than the twoelectron ones [5] .
Computational implementations of SOC in CASSCF-type and DFT methods have been reviewed recently [5] . In the present work, we have used two different approaches to calculate spin-orbit states of [Re(imH)(CO) 3 SO/MS-CASPT2 ( Fig. 2 ) and SO-TDDFT ( Fig. 3 ) methods show similar qualitative features for the lowest six SO states; the small differences occurring at higher energies stem from the much larger gap between the spin-free a 3 A and b 3 A states in MS-CASPT2 than TDDFT. The following discussion will be based on the results obtained with the SO-TDDFT technique [73] that is computationally feasible and, at least partly, accounts for the solvent effects. The three lowest SO states have A , A and A symmetries, denoted aA , bA and cA in the order of increasing energy. They are predominantly a 3 A MLCT in origin. The lowest aA state is spectroscopically forbidden whereas transitions to the second and third states (bA , cA ) have very small oscillator strengths and could weakly contribute to the red tail of the absorption band. The overall separation of the lowest three states cA -aA was calculated as 64 cm −1 by SO-TDDFT and 194 cm −1 by CASPT2. The first weakly allowed transition occurs to the mixed MLCT-IL state eA that consists of 94% triplet character, gaining intensity through the 2% b 1 A contribution. The first fully allowed transition is directed to gA MLCT with a small IL admixture, followed by transitions to hA and iA . Fig. 3 shows that there are more allowed (or semiallowed) transitions to SO states than to spin-free singlets. The higher density of SO states thus accounts well for the broad and asymmetric shape of the experimental lowest absorption band of [Re(imH)(CO) 3 (phen)] + that extends from ca. 320 to 420 nm [14] . The effect of SOC on electronic transitions and simulated absorption spectrum is shown in Fig. 4 . Although the absorption bands calculated with and without SOC are very similar, their origin is quite different: the slightly weaker and broader SO absorption band arises from a large number of weaker transitions whereas only .) The experimental spectrum [14] shows a broad absorption with distinct shoulders at ca. 362 and 328 nm, followed by a strong absorption at shorter wavelengths, due to transitions not included in the present simulation. three strong transitions make for the spin-free band. It is important to note that even the spectroscopically allowed SO states contain significant triplet components, e.g. 23% for gA . Moreover, the SO states are much more mixed than the spin-free ones in terms of their character (i.e. orbital parentage), making it difficult to describe them in terms of MLCT, LLCT or IL excitations.
Spin-orbit states at excited-state geometries: towards interpreting photophysics
Photophysics and excited-state dynamics of Re I carbonyl diimines have been studied in detail [10, 14, 15, 22, 24, 80] . The following salient experimental observations were made on [Re(imH)(CO) 3 (phen)] + , which are typical for many other Re I carbonyl-diimines complexes:
1. Femtosecond laser pulse excitation at 400 nm (25,000 cm −1 ) triggers emission ("fluorescence") characterized by a very broad band at ∼530 nm that emerges within the instrument time resolution, i.e. faster than 30 fs. 2. Fluorescence decays with a ∼150 fs lifetime with a simultaneous population of two states: an intermediate one that shows a weak broad emission (∼580 nm) and decays with a 1.5 ps lifetime, and the lowest excited state that gives rise to a broad emission at ∼590 nm, which decays with a 120 ns lifetime [44] . 3. Time-resolved UV-vis spectroscopy reveals further relaxation processes occurring with time-constants 2.0, 3.9, 14, and 28 ps, manifested by small intensity-and band-shape changes. Another 8.5 ps relaxation is revealed by dynamic IR spectroscopic shifts [80] . 4. TRIR spectra indicate the presence of two long-lived equilibrated excited states [14] . The "major" state has a predominantly MLCT character. The "minor" state (10-20% population) is MLCT with a substantial IL admixture. Both states seem to be populated simultaneously after optical excitation, establishing a thermal equilibrium within a few ps [14] . The observed excited-state behavior has been interpreted [10, 14, 15, 22] within the spin-free conceptual framework, as depicted in Fig. 5 : Laser-pulse excitation of the lowest allowed transition of [Re(imH)(CO) 3 (phen)] + populates the fluorescent b 1 A MLCT state. Excitation is immediately followed by vibrational energy redistribution manifested by the "instantaneous" fluorescence Stokes shift. The b 1 A state undergoes ∼150 fs intersystem crossing to the low-lying, long-lived phosphorescent MLCT state a 3 A . Another "intermediate" phosphorescent state, presumably b 3 A , is populated on the way and decays fast to a 3 A . Vibrational and solvational relaxations of b 3 A and a 3 A states also contribute to the observed excited-state dynamics. The spin-free approach provides a relatively simple photophysical model that explains the principal experimental observations, although it has problems with the presence of different relaxation times observed in absorption and emission, the presence of the second low-lying triplet state detected by TRIR, and explaining the temperature dependence of emission lifetimes.
Next, we will examine the power of the SO model in interpreting [Re(imH)(CO) 3 (phen)] + photophysics. A rigorous treatment would require calculate potential energy surfaces along SO-state decay pathways and examine the state crossing regions. Since this task is beyond current computational means, we have calcu- Table 2 . The latter two approximate the structures of the optically populated SO state(s) and of the lowest three SO states, respectively. This approximation is used here to estimate effects of the structural changes during excited-state evolution on the whole SO-state manifold and indicate a possible approach to developing SO photophysical and photochemical models.
In the SO model (Figs. 6 and 7), optical excitation at 400 nm populates predominantly the gA MLCT state, together with MLCT-IL states iA , hA , and eA . The gA state has a ∼23% triplet parentage. Changing the geometry to that of the spin-free b 1 A state simulates the effect of the observed ultrafast (<30 fs) intramolecular vibrational redistribution. It stabilizes all the SO states except eA and increases the energy difference between the third and the lowest two SO states, which both acquire about 22% a 3 A at the expense of the a 3 A content. A group of potentially strongly emissive states (eA , fA , gA , hA , iA , hA , jA , kA ) is calculated in the region of 23,117-26,640 cm −1 , below the Franck-Condon gA excitation energy of 27,270 cm −1 . The gA state itself loses a lot of its b 1 A character and becomes much more triplet-like due to increasing b 3 A and c 3 A contributions. Interesting is also the eA state that shifts to higher energy, acquires additional 43% singlet character and becomes spectroscopically much more allowed. On going to the a 3 A geometry, we see further stabilization of the whole SO-state manifold while the individual SO states tend to cluster into four groups. A set of strongly emissive states occurs at relatively high energies, 22,802-25,576 cm −1 (eA , fA , hA , iA , jA , kA ). The lower-lying cA , dA , dA group of states does not seem to be of much photophysical importance. Interesting is the fourth SO state bA , that is predominantly a 3 A MLCT (60%) in the ground-state structure, becoming mostly singlet (85% a 1 A MLCT) at the a 3 A geometry. It is 2.7-times more emissive than the third state cA . The lowest three SO states become nearly pure a 3 A triplets; the third state cA is weakly emissive due to the 1% c 1 A contribution. Its calculated energy, 16,845 cm −1 compares well with that of the emission band maximum at 16,949 cm −1 (590 nm) [44] . The total ZFS is calculated as 67 cm −1 , comparable to the value of 42.1 cm −1 measured [83, 84] for [Re(Cl)(CO) 3 (phen)] in a low-temperature matrix. Assuming Boltzman equilibrium between the relaxed excited states, we can calculate the relative populations of the lowest four states as a function of temperature, Table 3 . The majority of the excited population is distributed amongst the three lowest states. The bA thermal population is negligible but it can still provide an efficient thermally activated decay pathway (radiative as well as nonradiative) to the ground state. (Note, that the populations reported in Table 3 are approximate since the same geometry is assumed for the first three SO states and bA . It can be argued that the actual bA energy at its relaxed geometry is lower, leading to a higher relative population.)
Knowing the SO-state characters and energies, we will now attempt to explain the photophysics in terms of SO states, Fig. 7 . Laser-pulse excitation populates predominantly the Franck-Condon gA state, together with a group of close-lying states I. The following ultrafast relaxation (<30 fs), manifested by ultrafast "instantaneous" fluorescence Stokes shift from the excitation wavelength of 400 nm (25,000 cm −1 ) to ∼530 nm (∼18,900 cm −1 ) seems to include both IVR, that will distort the molecular structure towards that approximated by the spin-free b 1 A state, and electronic energy redistribution amongst the densely packed manifold of emissive states II. The prompt "fluorescence" observed at ∼530 nm is proposed to originate from this group of SO states, which are, furthermore, excited vibrationally. This combined multiple electronic and vibrational excitation accounts for the enormous spectroscopic broadness (460-600 nm half-width) of the "fluorescence" band observed for [Re(imH)(CO) 3 (phen)] + and other Re I carbonyl diimines [10, 14, 15] . Given the large triplet content in the emissive SO states (except for iA ), it is better to talk about prompt emission than fluorescence. The ∼150 fs emission decay is now attributed to a nonradiative conversion of the group of states II into the lowest four SO states, all vibrationally hot and in a unequilibrated solvent arrangement. It is conceivable that this conversion is facilitated by the increase of the triplet character upon changing the molecular structure of the optically populated states. The initial population distribution of the low-lying SO states will be far from equilibrium, determined kinetically. The intermediate emission is tentatively assigned to the fourth state bA that decays with Table 2 . Last two columns: values obtained with E(cA ) = 0.016 eV and E(bA ) = 0.066 eV above aA , respectively. All other values as in Table 2 (i) The major TRIR feature corresponds to the aA and bA states, whereas the "minor" one is due to the third state cA . The expected population ratio ( fourth state bA provides the thermally activated decay pathway, ubiquitous in Re I carbonyl diimines [81, 82] . However, this interpretation does not explain why the IR spectra of the "minor" and "major" states are so different [14] .
(ii) The major excited-state IR signal belongs to the combined population of the three lowest MLCT states aA , bA , and cA , whereas the "minor" one corresponds to the fourth state bA , lying at a lower energy than calculated. The long-lived emission occurs from the third (cA ) and the fourth (bA ) state. (Note that bA is the most emissive state amongst the low-lying SO states. Energy of relaxed bA state is inevitably lower than that calculated herein at the a 3 A geometry.) The bA state could also provide the thermally activated quenching pathway, if it undergoes a fast non-radiative decay to the ground-state. Alternatively, the thermal quenching could involve members of the next group of SO states, i.e. cA , dA , or dA . carbonyl-diimine complexes. Optical excitation populates the group of states I (red), followed by ultrafast electronic and vibrational energy redistribution to the group of states II, which undergoes prompt emission (red arrows) and ∼150 fs conversion to bA and the three lowest SO states, whose emission is shown by the thin black and blue arrows. Bold dotted red arrows denote nonradiative decay of the lowest SO states and the vertical double arrow stands for equilibration of the lowest three states. Vibrational relaxation is omitted from the diagram for the sake of clarity.
(State energies are referred to that of the aA ground state calculated at the a 1 A geometry. SO TDDFT (PBE0, COSMO-DMF) calculation.). hardly possible to distinguish between fluorescence and phosphorescence and it is better to think in terms of prompt and long-lived emission or luminescence. (4) In the presence of strong SOC, intersystem crossing and internal conversion should be treated in a unified way, as non-radiative transitions between SO states. (5) Elucidating the mechanism of conversion between the SO states including dynamical effects such as vibronic coupling, and proposing selection rules is the next challenge. Solving this problem will allow us to specify the deactivation pathways and nonradiative transitions in terms of individual SO states, explain the specificity of photophysical and photochemical processes and achieve better control of excited-state dynamics and molecular photonic behavior.
General aspects
of the [Re(imH)(CO) 3 (phen)] + spin-orbit model The
Overview of spin-orbit excited-state studies
The SOC excited-state model of [Re(imH)(CO) 3 (phen)] + presented above is based either on calculations where SO is included in the Hamiltonian (RASSI-SO/MS-CASPT2) [71] or on a relativistic TDDFT approach (SO-TDDFT) [73] . These techniques calculate SO states and allow us to discuss absorption, fluorescence and phosphorescence, as well as intersystem crossing and internal conversion in a unified way. However, developing such excited-state schemes was made possible only by the most recent advances in computational quantum chemistry. It is not possible to infer such SO state diagrams from qualitative considerations and much simpler models are therefore often used to interpret experimental observations on excited-state properties and dynamics, Fig. 8 . In parallel, advanced computational techniques are being developed to deal with SO effects at a high level of theory. In this section, we will briefly review these two research directions. The discussion will be largely focused on closed-shell pseudooctahedral d 6 or pseudo-square planar d 8 complexes with electron-accepting N ∧ N or C ∧ N ligands, which are intensively studied because of their interesting photophysics and photonic applications [1] [2] [3] . As was already stated for the Re I complexes (Section 2), photophysics of this type of compounds are usually interpreted in terms of MLCT and IL states arising from d → * and → * one-electron excitations, respectively. More realistic excited-state description requires us to consider MLCT-LLCT mixing, if electron donating ligands are present in the coordination sphere alongside the N ∧ N or C ∧ N acceptors. Other types of excited states are of a little importance. LF states, due to d → d* excitations, provide deactivation and reactive pathways in the case of Ru II polypyridines [85] [86] [87] , while, in 3rd-row transition metal complexes, they occur at too high energies to play any important photophysical role. Moreover, they are highly mixed with other excitations and the d and d* orbitals themselves are rather delocalized [9, 88, 89] . (Note, however, that LF states are of a paramount importance in photophysics of 3d-metal complexes, e.g. [Fe(bpy) 3 ] 2+ [90, 91] or Cr(acetylacetonate) 3 [92] .)
Qualitative approach to spin-orbit coupling
Instead of developing a full scheme of SOC states (such as that shown in Figs. 2, 3-center and, schematically, 8E), qualitative models start with separate manifolds of spin-free singlet and triplet states and apply SOC as a small perturbation that mixes the lowest triplet state with singlet states as well as with other triplets [1] [2] [3] 10, 93, 94] . As a result, the lowest triplet-state T 1 splits to three spin sublevels T 1(i) whose energies E i are given by Eq. (4):
E T 1 is the energy of the unperturbed spin-free lowest triplet state, S n are the wavefunctions of spin-free singlet states, T n are higher triplet states, and T n(j) are wavefunctions of their SO sublevels. The S n state and a the triplet sublevel T 1(i) , as well as the sublevels T n(j) and T 1(i) must have the same double-group symmetry for S n |Ĥ so |T k(i) and T n(j) |Ĥ so |T 1(i) to be nonzero, respectively. Eq. (4) shows that ZFS of the T 1 state results from SO-induced mixing of the spin-free triplet T 1 with singlets S n (the first term), and with substates of other triplets (the second term). The singlet-triplet SO mixing determines the radiative rate constant for emission of the sublevel T 1i :
It follows that the radiative decay rate depends not only on the singlet-triplet SO mixing, but also on the transition moments S 0 |e r|S n of the admixed singlet transitions, and on the vibrational overlap (i.e. the Franck-Condon factor, FC). This is nicely illustrated by the eA state of [Re(imH)(CO) 3 (phen)] + ( Table 1 ) that is predominantly triplet but partially spectroscopically allowed (osc. strength = 0.0017) due to only 2% admixture of the strongly allowed b 1 A spin-free state. On the other hand, the transition to dA has oscillator strength of only 0.0004 despite having 57% singlet contribution, but from a spectroscopicly strongly forbidden spin-free state a 1 A .
Eq. (4) can be, in principle, applied to any triplet state T k and its sublevels T k(i) . Estimating SOC matrix elements S n |Ĥ so |T k allows us to single out strongly SO-coupled states and thus identify fast ISC pathways or strongly emissive states. Such estimates are based on the following approximations: (i) Only the one-electronĤ SO term (Eq. (2) , Eq. (3)) of atom A acts only on the electron density localized at the atom A, described the corresponding atomic orbital wavefunction times the LCAO mixing coefficient in the KS molecular orbitals that are involved in the excitation.
Using these approximations and an empirical knowledge of the behavior of IL and MLCT excited states, it is possible to formulate qualitative rules to identify strongly SO-coupled states [1-3,16,17,93, 1, 3 MLCT energies than in the case that the solvent is included through dielectric models [9, 61] . 3. SOC between any two spin-free singlet and triplet states S n and T k is determined by the SO matrix element S n |Ĥ SO |T k that will have a large value if S n and T k differ in one spinorbital, which in each state has to be largely localized on the metal and/or other heavy atom(s). Rules 1-5 have been expanded and used to identify strongly emitting metal complexes applicable in OLEDs and formulate useful design rules. This subject is very well covered in the literature [1] [2] [3] 16, 17] .
The use of these qualitative assumptions and rules can be illustrated, for example, by a search for strongly SO coupled states and ISC pathways in Re I , Cu I , and Pt 0 complexes:
The SO matrix element b 1 A |Ĥ SO |a 3 A of Re carbonyl-diimines was estimated [10] A similar analysis of tetracoordinate Cu I and Pt 0 complexes, whose optically populated 1 MLCT state undergoes surprisingly slow ISC (13-16 and 3.2 ps, respectively), revealed that the SO matrix elements between the 1 MLCT and low-lying triplets are very small because they involve the same d orbital [93, 94] . Strongly coupled triplets lie at inaccessibly high energies and cannot engage in ISC. Vice versa, the lowest triplets are well SO-coupled only to high-lying singlet states that are not populated at the excitation wavelengths used. ISC rates are limited by the small SOC between the optically excited 1 MLCT and the lowest triplet states. Energetic inaccessibility of suitable SO-interacting singlets also explains the slow ISC in the dinuclear complex [Pt 2 (pop) 4 ] 4− [97] [98] [99] .
The ZFS concept (Eq. (4)) and qualitative SOC treatments outlined in this section provide a convenient way to discuss and understand the behavior of the lowest triplet state and predict emission from its sublevels using Eq. (5). Higher states engage in so many strong SO interactions that they should be regarded as SO states instead of sublevels of any parent spin-free triplet. Still, their energies and compositions in terms of parent spin-free states can be obtained perturbationally, but the full SO secular problem has to be solved [100] , see Section 4.2. This procedure is necessary even for the lowest triplet and its sublevels, if the ZFS is to be calculated accurately. For example, the T 1 state of Ir(ppy) 3 interacts strongly with at lest 8 singlet states [101] . 50 spin-free singlets and 50 triplets had to be included in perturbational TDDFT calculations of Ir(ppy) 3 , [Ru(bpy) 3 ] 2+ , and [Os(bpy) 3 ] 2+ to achieve a good agreement with experimental ZFS [100] .
Spin-orbit excited-state calculations
The first theoretical studies of SOC effects on MLCT excited states emerged in early 1980s. SOC models of [M(bpy) 3 ] 2+ (M = Fe, Ru, Os) electronic structures and spectra [102] [103] [104] have formulated the SO splitting patterns, SOC matrix elements, and spin-state symmetries and wavefunctions. Similar approach was applied [105, 106] to phosphorescent 3 3 ] 2+ appeared in 1994, which included SOC into DFT from the first principles (i.e. not as an additional perturbation), the Ru spin-orbit coupling constant having been the only empirical parameter used [107] . This work has provided the first quantitative SO model of [Ru(bpy) 3 ] 2+ excited states and its results compared reasonably well to the experimental absorption spectrum.
In-depth SO computational studies of metal complexes are still rather rare. Spectroscopic SO effects were investigated for H 2 M(CO) 4 (M = Fe, Os) [18] . CASSCF/MS-CASPT2 calculations yielded a manifold of M → CO MLCT SO states, revealed a decrease of absorption-band intensities and, for H 2 Fe(CO) 4 , an emergence of a new spectroscopic feature upon including SOC. Some of the H 2 Os(CO) 4 spin-free triplets are split and mixed with other states to such an extent that they cannot be related to any particular set of spin-free triplet states. For example, the spin-free a 3 B 2 state is split by ∼3000 cm −1 , contributing 40-50% to several SO states. Interesting are CASSCF-type calculations of SOC effects on nonradiative photophysical and photochemical behavior, for example, intersystem crossing in HCo(CO) 4 [108] , M-H bond photodissociation in [M(H)(CO) 3 (1,4-diazabutadiene)] [109] , and intraligand trans-cis isomerization in [Re(styrylpyridine)(CO) 3 (bpy)] + [19, 110] . Emission from SO states has been investigated for OLED-relevant Pd(thpy) 2 and Pt(thpy) 2 cyclometallated complexes by relativistic multiconfiguration SCF [111] . Much larger singlet-triplet mixing and, hence, emission transition moments were calculated for Pt than Pd, not only because of larger Pt effective nuclear charge Z eff but also due to a higher d(Pt) orbital participation in the MOs depopulated upon excitation (i.e. due to a higher MLCT content in Pt(thpy) 2 excited states). The calculation has produced a series of Pt(thpy) 2 SO states together with emission transition moments. The first two SO states can be regarded as sublevels of the lowest triplet while the third SO state is calculated highly mixed and ∼700 cm −1 above the second one. All SO excited states except the lowest one are predicted to be emissive, but most of the emission will originate from the second SO state, since the higher ones lie at too high energies to be thermally populated after equilibration. In addition, potential-energy curves of SO states along a ligand twisting coordinate were calculated, together with energies and intensities of emission from individual vibronic SO states. This work provides an interesting insight into the properties of SO states, although the results on the third state do not agree with experiments [1] that found the third SO state only 9 cm −1 above the second one and showed that all three lowest-lying SO states behave as the lowest-triplet sublevels.
A perturbational TDDFT approach to SOC has been used to calculate SOC-states of Ir(ppy) 3 [100, 101] , Ir(ppy) 2 L [112] , cyclometallated Pt II complexes [16] , as well as [M(bpy) 3 ] 2+ (M = Ru, Os) [100] . TD-DFT was first used to calculate the energies and wavefunctions of spin-free singlet and triplet states. SO state energies and compositions were then obtained by constructing the SO matrix, that describes all possible SO interactions between the spin-free states, and solving the SO secular equation [100] . These calculations revealed very high densities of SO states, identified principal coupling pathways, estimated ZFS, and provided absorption and emission transition energies and oscillator strengths. It has been noted [100] that both optical excitation and electron-hole recombination in Ir(ppy) 3 populate directly SO states, which are therefore relevant to OLED operation.
Experimental observations of spin-orbit phenomena
Zero-field splitting (ZFS), strong "phosphorescence" (i.e. fast triplet radiative decay), ultrafast triplet-state population (ISC), and fast nonradiative decay from the lowest triplet to the ground state are the most obvious photophysical manifestations of SOC. Ultrafast excited-state dynamics are expected to be affected as well, the high density of SO states providing efficient electronic relaxation pathways.
To interpret experimental excited-state behavior, we can use the spin-free model, the qualitative perturbational SO approach or, more rigorously, we can work within the framework of SO states, as explained in Section 3. Spin-free calculations are widely used to assign UV-vis absorption spectra of heavy metal complexes, often achieving good quantitative match with experimental spectra. However, Fig. 4 clearly demonstrates that spin-free and SO assignments of the [Re(imH)(CO) 3 (phen)] + lowest absorption band are qualitatively different, despite close resemblance of the two simulated spectra. SOC explains better the broad shapes of absorption bands of heavy-metal complexes, attributing them to a multitude of transitions to a larger number of SO states. Similar statement can be made about broad emission bands, although the number of emitting SO states is limited by Botzman population distribution. Assigning absorption and emission spectra according to the SO-model could have important implications for evaluating molecular excited-state distortion from spectroscopic band shapes (e.g. the Huang-Rhys factor) and interpreting resonance Raman spectra.
The spin-free model works with unrealistically low excitedstate densities. In the [Re(imH)(CO) 3 (phen)] + example, there are 5 spin-free states (2 singlets, 3 triplets) between the lowest triplet a 3 A and lowest allowed singlet b 1 A , in contrast with 14 SO states calculated in the same energy range, Fig. 3. [Re(imH)(CO) 3 (phen)] + is a relatively simple chromophore with only single electronaccepting ligand. The situation becomes much more complicated in complexes like Ir(ppy) 3 , where 70 SO states were calculated within 1 eV above the lowest excited state (or 140 states within 1.88 eV) [100] . The presence of so many excited states in a narrow energy range must have dramatic consequences for absorption and emission spectra, as well as electronic relaxation following excitation. Spin-free model alone is incapable of interpreting ZFS or phosphorescence but it can be easily amended by including SOC as a weak perturbation, Eqs. (4) and (5) . In the full SO-model, ZFS is just a phenomenological parameter, defined as the energy difference between the lowest three SO states. Instead of fluorescence and phosphorescence, we talk about emission (photoluminescence) from individual SO states. The radiative rate constant of emission from an excited state SO m to the ground state SO 0 is expressed [111] by Eq. (7),
which describes the transition probability using the usual transition moment. SO matrix elements do not enter the equation since SOC is already included in the wavefunctions SO m and SO 0 . Similarly, intersystem crossing and internal conversion are no longer distinguished and are treated in a unified way as nonradiative transitions between SO states. However, a satisfactory theory is still missing.
In the following text, we will briefly comment on the main photophysical manifestations of SOC.
Zero-field splitting. The ZFS concept is well applicable to the lowest three SO states that can be regarded as sublevels of the lowest spin-free triplet state. ZFS is an experimental parameter that can be obtained from high-resolution emission spectra at low temperatures or temperature-dependent emission lifetimes [1, 2] . Very small ZFS in Rh complexes was measured by optically detected magnetic resonance [105, 106] . Experimental ZFS shows the energy separation of the three lowest SO states and is most often interpreted using the perturbational language (Eq. (4)) as the splitting of the lowest triplet state. Substantial SOC-induced ZFS of tens of cm −1 is very common in transition metal polypyridine and cyclometallated complexes [1, 2] . ZFS magnitude increases with increasing d-orbital participation in the emitting triplet, i.e. with its MLCT character. Large ZFS of a metal complex indicates strong phosphorescence and potential applicability in OLEDs [1, 2] .
Site-selective emission spectroscopy in solid matrices has revealed that ZFS can vary by as much as 100% between different sites of the matrix [1, 2, 113] . This observation shows that the MLCT character of the lowest triplet, which is mostly determined by the 3 MLCT-3 IL mixing, is very sensitive to the molecular environment. It is not known experimentally how ZFS changes on going from a solid matrix to a fluid solution and how it depends on the solvent. Nevertheless, the well-known "rigidochromic effect" [114] demonstrates that 3 MLCT states lie at lower energies in solutions than in glasses, further apart from the 3 IL states. Larger 3 MLCT-3 IL energy separation in solution results in smaller mixing and, hence, larger MLCT content in the lowest triplet. This conclusion is supported by the observation of an "IR rigidochromism", when excited-state (CO) IR bands of Re carbonyl-diimines occur at higher energies in solutions than low-T glasses [66] . Therefore, we may expect ZFS of emissive 3 MLCT states to be larger in fluid solutions than the values reported from low-temperature experiments. It can even be expected that the 3 IL-3 MLCT mixing and, hence, ZFS changes during relaxation of the excited chromophore and its environment, as was suggested for Re I carbonyl-diimines by TRIR [15, 51, [63] [64] [65] .
ZFS strongly affects low-temperature emission spectra and decay, because of an unequal and temperature-dependent sublevel population. Out of many known cases, some representative examples are discussed in refs. [1, 2, 83, 84, 113, [115] [116] [117] . Sublevels derived from the lowest triplet have very different emission lifetimes due to different radiative and nonradiative decay rates. The lowest sublevel usually has the highest triplet content and is the longest-lived one, whereas the highest sublevel (i.e. the third SO state) is most emissive [1, 2, 115, 116] . Equilibration between sublevels in low-temperature matrices is in most cases faster than the decay times, i.e. sub-microsecond. Such complexes then exhibit thermally equilibrated emission and pronounced temperature dependences of emission lifetimes. At very low temperatures (<2 K), only the lowest sublevel (i.e. the first SO state) is populated and its lifetime can be determined separately [1, 2, 116, 117] . Interconversion between the sublevels in low-T matrices is treated as spin-lattice relaxation and its mechanisms have been thoroughly reviewed [1] . Only few kinetics data are available. For example, in [Pt(thpy) 2 ], the conversion of the second to the first sublevel over a 7 cm −1 energy difference takes place with a 720 ns lifetime at 1.3 K, whereas conversions of the third sublevel to the second and first ones are much faster [1] . Very slow conversion of the second to the first triplet sublevel, 22 s, was measured for [Ir(bis(2-(2 -benzothienyl)-pyridinato-N,C 3 )(acetylacetonate)] at 1.5 K [1, 113] . A Pt II complex [Pt(4,6-difluoro-ppy)(CN) 2 ] is an exceptional case [115] exhibiting a triexponential emission decay (11.5, 31.5, and 100 s) at 1.2 K from non-thermalized lowest triplet sublevels that are separated by less than 2 cm −1 , whereas a single exponential decay (28.3 s) was measured at 10 K. It follows that the spin-lattice relaxation is very slow at 1.2 K but gets much faster as the temperature increases. Interconversion between the lowest-triplet sublevels (i.e. the lowest three SO states) will be much faster in fluid solutions at ambient temperature because of high density and accessibility of energy-accepting vibrational states and solvent fluctuations that help overcoming energy barriers. For example, equilibration of two simultaneously populated SO states of [Re(Cl)(CO) 3 (N ∧ N)] has been found to take only a few ps in MeCN [14] .
ZFS effects on ambient-temperature photophysics are usually neglected, which could lead to erroneous predictions and obscure the real origin of the observed photophysical phenomena. This point can be illustrated using [Re(Cl)(CO) 3 (phen)] as an example. Its lowest 3 CT state is split into three sublevels [83, 84] . The two higher ones T III and T II lie 42.1 and 14 cm −1 above T I , respectively (EPA glass, T < 50 K). The substate lifetimes differ by 2 orders of magnitude: 149, 34.5, and 1.92 s, respectively. The three distinct decay processes are manifested by the strong temperature dependence of the emission decay lifetime below 50 K. Such low-T photophysical phenomena are normally assumed to be leveled off as the temperature increases, since the thermal energy k B T is larger than ZFS and sublevel equilibration occurs on a fs-ps timescale. However, ZFS in fluid solutions could be larger than in low-T matrices and give rise to T-dependent emission even at ambient temperatures. More importantly, there is no reason to assume that emission originates only from the lowest-triplet sublevels. For example, in the case of [Re(imH)(CO) 3 (phen)] + , we have found three close-lying emissive states bA , cA and bA , Figs. 6 and 7. The latter is the 4th SO state, not a lowest-triplet sublevel. Several emissive states could be populated in more complex OLED-relevant chromophores, although direct experimental evidence is lacking and theoretical calculations would require structural optimization of individual SO states -a very difficult task, indeed. Simultaneous emission from several SO states has to be considered when designing spectroscopically pure OLED emitters.
Emission polarization. Anisotropy of emission from an SO state could be different from that predicted for phosphorescence from the lowest spin-free triplet state, because the most emissive sublevel could have a different symmetry. For example, the [Re(imH)(CO) 3 (phen)] + lowest spin-free triplet is a 3 A (Figs. 2 and 3-right) , predicting a perpendicular phosphorescence polarization that would be manifested by anisotropy of −0.2. Experimentally, values slightly lower than +0.4 were found for [Re(imH)(CO) 3 (Fig. 3, Table 1 ), the observation of a nearly parallel polarization shows that emission occurs from an SO state of A symmetry, instead of the spin-free a 3 A state. Anisotropy measurements thus fully agree with the SO model ( Table 2 , Figs. 6 and 7) that assigns the emission to the cA and (with a lower intensity) bA states. Contribution of the fourth-state bA emission could be responsible for the experimental values being slightly lower than 0.4.
Intersystem crossing. Efficient population of the lowest triplet state in heavy transition metal complexes is another consequence of large SOC. Quantum yields of 3 MLCT population approach unity because ISC is fast enough to compete with other deactivation processes of the excited singlet. In the spin-free model, a small SOC perturbation is assumed to couple the optically populated 1 [97, 99] . Understanding and controlling ISC kinetics and mechanism remain a challenging problem for inorganic photophysics. A theoretical treatment would require calculating potential energy surfaces of SO states and examining their vibronic coupling.
Ultrafast excited-state dynamics. Pronounced SOC effects could be expected to show up in ultrafast spectroscopic experiments even at ambient temperatures. Closely-spaced low-lying SO states are initially populated from higher optically excited states in a non-equilibrated distribution, each of them vibrationally excited. The high density of SO states will lead to multiple crossings and conical intersections along the decay pathways, affecting or determining excited-state dynamics. One could even imagine creating coherent superpositions of close-lying SO states in heavy-metal complexes upon excitation with fs laser pulses, or a breakdown of Born-Oppenheimer approximation during excited-state evolution.
Generally, electronic relaxation of higher SO states and equilibration of the lower ones, together with vibrational relaxation, will contribute to the kinetics measured by time-resolved spectroscopic techniques on a fs-ps timescale. Because of different sensitivities to individual kinds of relaxation processes and states, we may expect observing different spectroscopic signatures and kinetics in different spectroscopic regions, as well as in absorption and emission. Indeed, complicated ultrafast relaxation dynamics have been observed [10, 14, 15, 24] for Re I tricarbonyl diimine complexes, including [Re(imH)(CO) 3 (phen)] + , Section 3.3.
Concluding remarks
Excited-state model based on SO states of a mixed-spin character can be developed for closed-shell heavy metal complexes, using relativistic quantum chemical calculations that explicitly include SOC. The model consists of a single manifold of SO states that replaces the customary sets of singlets and triplets of conventional spin-free models. SO states are characterized by their energies, double-group symmetries, contributing spin-free singlet and triplet states, and the oscillator strengths of corresponding transitions from the ground state. In the case of sufficiently strong SOC, there would be no physical distinction between fluorescence and phosphorescence from SO states, as well as between intersystem crossing and internal conversion. Spin-orbit and vibronic coupling would have to be treated at the same level of theory. The SO-model has important consequences for our understanding of spectroscopic properties and photochemical behavior of heavy metal complexes:
1. SOC tends to broaden and weaken spectroscopic bands relative to those obtained by spin-free calculations. Absorption bands arise from a large number of weaker transitions to SO states, instead of a few intense spin-allowed transitions. SO states of a predominantly triplet origin can significantly contribute to the spectra, if containing small admixtures of strongly allowed singlets. Spectra calculated by the SO-and spin-free techniques are quantitatively similar but, to a considerable extent, of a qualitatively different origin. 2. Emission bands of heavy metal complexes could encompass transitions from several SO states. The lowest SO state usually has the highest triplet parentage and is the least emissive. 3. The large density of SO states allows for multiple electronic and vibrational excitations. Convoluted electronic and vibrational energy redistribution and relaxation are expected to contribute to ultrafast excited-state dynamics. Electronic relaxation will proceed through cascades of state crossings and conical intersections between closely spaced SO states. 4. High-lying SO states are often strongly emissive. Prompt, fast decaying, emission from higher states is expected in heavy metal complexes and ultrafast time-resolved emission studies will provide important photophysical and dynamical information. So far, prompt emission ("fluorescence") from metal complexes has been studied only rarely, see for example Refs. [10, 90, 93, 94, 97, 99, [120] [121] [122] [123] . 5. Energy of high-lying SO states could be harnessed by ultrafast electron-or energy transfer, provided that electronic relaxation is not competitive. However, the large density of states will generally facilitate deactivation processes and shorten the upper excited-state lifetimes. 6. The high density of SO states could give rise to unexpected photophysical or photochemical phenomena such as coherent population of SO states upon fs excitation, breakdown of Born-Oppenheimer approximation during SO state evolution, stimulated emission from high-lying states, etc. In any case, we should expect seeing manifestations of SO state dynamics in ultrafast experiments. Time-resolved spectroscopy could possibly inform us on the energy separation of the lowest SO states (ZFS) and their equilibration rate in fluid solutions at ambient temperature. The SO-model also predicts excitation-energy dependent photophysics and photochemistry, if a high-lying strongly coupled SO state is selectively excited. 7. The SO model (i.e. relativistic excited-state calculation) of [Re(imH)(CO) 3 (phen)] + confirms that the three lowest SO states are largely derived from the lowest spin-free triplet and can be treated as its sublevels. The ZFS concept is thus valid within the SO-model and the experimentally determined ZFS corresponds to the energy separation of the three lowest SO states, as has been indicated by experimental studies of many heavy-metal complexes [1] [2] [3] . The qualitative perturbational SO approach (Eqs. (4)- (6)) provides a useful guidance on the character and behavior of the lowest-triplet sublevels. However, higher-lying SO states are too mixed to be regarded as sublevels of any specific spin-free triplet.
The relativistic model of SO states provides a conceptual framework to discuss spectroscopic and photophysical phenomena in a unified way. It also presents new theoretical and experimental challenges. Understanding the dynamics and evolution of the dense manifolds of SO states will allow us to pinpoint specific deactivation pathways and achieve a better control of photonic behavior of metal complexes.
The electronic structure of [Re(imH)(CO) 3 (phen)] + was calculated by DFT and SA-CASSCF/MS-CASPT2 methods using the Gaussian 09 A.02 [124] , ADF 2010.01 [125] and MOLCAS 7.4 [70] program packages. The C s constrained symmetry was maintained in all calculations. The DFT methodology included in Gaussian 09 was used for geometry optimization of the ground state and several lowest lying excited states. The geometry of the lowest triplet state was calculated by the UKS approach; the geometry of the b 1 A state was obtained by TDDFT. DFT calculations employed Perdew, Burke, Ernzerhof (PBE0) hybrid functional [126, 127] . The solvent was described by the polarizable conductor calculation model (PCM) [77] . For H, C, N, O, and Cl atoms, polarized triplebasis sets 6-311g(d) [128, 129] , together with quasirelativistic effective core pseudopotentials and corresponding optimized set of basis functions for Re [130, 131] . The bond lengths variation due to the excitation to b 1 A and a 3 A states is listed in Table A1 . The SO-RASSI calculations were performed by the MOLCAS 7.4 software. 18 electrons have been correlated in 14 active orbitals (7 of the A symmetry, 7 of the A symmetry). Six 1 A , four 1 A , five 3 A and five 3 A spin-free states have been included into the calculation, resulting in 40 spin-orbit states. For all the atoms, atomic natural orbitals relativistic consistent correlated ANO-RCC basis sets have been used with the following double-zeta contraction scheme: (8s, 4p, 3d, 1f) contracted to [2s, 1p] for H, (14s, 9p, 4d, 3f, 2g) contracted to [3s, 2p, 1d] for C,N,O and triple-zeta contraction scheme (24s, 21p, 15d, 11f, 4g, 2h) contracted to [7s, 6p, 4d, 2f, 1g] for the rhenium atom.
The ADF program first performed scalar relativistic TDDFT calculations in order to determine the lowest single-group symmetry excited states and then the spin-orbit coupling operator was applied to obtain excitation energies with spin-orbit coupling effects included [73] . Slater type orbital (STO) basis sets of triplequality with two polarization functions for Ru and double-quality with one polarization function for remaining atoms were employed (core electrons were included). PBE0 hybrid functional together with the scalar relativistic (SR) zero order regular approximation (ZORA) [132] was used within this study. COSMO [76] model was used for the modeling of the solvent effect.
